Abstract: SU(5) ⊗ SU(5) provides a minimal grand unification scheme for fermions and gauge forces if there are vector-like quarks and leptons in nature. We explore the gauge coupling unification in a non-supersymmetric model of this type, and study its implications for proton decay. The properties of vector-like quarks and intermediate scales that emerge from coupling unification play a central role in suppressing proton decay. We find that in this model, the familiar decay mode p → e + π 0 may have a partial lifetime within the reach of currently planned experiments.
Introduction
Grand unification of forces and matter [1] is a very attractive idea, and has been a popular venue for exploring new physics beyond the Standard Model (SM) for the past four decades. A key requirement of these theories is that two electroweak couplings and the strong coupling of the SM (denoted by their fine-structure constants α Y , α w , and α s ), which are known very precisely at the weak scale µ = M Z , become equal when extrapolated according to the effective field theories at energies below the grand unification scale. Since there is generally a large gap between M Z and the typical scales of grand unified theories (GUT) in different realizations of unification, a lot of unknown physics could exist in between: in fact, as such is suggested by the fact that the SM gauge couplings with only SM particles do not unify. This leaves open the possibility that many other phenomena, not explained in the SM such as the observed Higgs mass or neutrino masses, could be playing a role in gauge coupling unification. A famous and widely discussed example is the naturalness problem of Higgs mass, one solution to which is supersymmetry (SUSY) at the weak scale. It is well known that adding SUSY brings in new bosonic and fermionic states near the TeV scale, which miraculously leads to coupling unification without any further gauge symmetry or new particles in between [2] . The simplest grand unification group in this case is SUSY SU (5) . However, minimal versions of this model have problems not only with predictions for proton decay [3] , but also in accommodating fermion masses. Nevertheless, coupling unification as a probe of physics beyond the SM has sustained its excitement over the years, although lack of experimental evidence for SUSY in the Large Hadron Collider (LHC) has somewhat dampened the interest in the SUSY-GUT possibility and has led to a revival of interest in coupling unification schemes that do not involve SUSY.
A widely discussed alternative to SUSY SU(5) grand unification is the one based on the SO(10) group [4] where coupling unification can be achieved without SUSY in a way different from the minimal SU (5) case and therefore has a much richer history than the former. It was originally inspired by two observations: (a) the basic 16-dimensional spinor fits all the fermions of one generation together with the right-handed (RH) neutrino and provides minimal unification of fermions per generation; (b) it naturally predicts that neutrinos have nonzero masses. Activity in this field therefore ramped up after the discovery of neutrino oscillations confirming neutrino masses in 1998 and its possible explanation via the seesaw mechanism [6] . In this case, grand unification can proceed via single or multiple intermediate states unlike SU(5) , and detailed analysis of unification of gauge couplings in this model has been the subject of many papers for different scenarios [7] . Another advantage of non-SUSY SO(10) over SU (5) is the possibility of low intermediate scales as well as new observable physics in currently available particle physics facilities. An additional advantage of these models is that they included as a subgroup the left-right symmetric gauge symmetry [5] according to which parity symmetry becomes an exact symmetry of weak interactions at short distance scales.
In this paper, we consider another route to unification of forces and matter without SUSY based on the gauge group SU(5) ⊗ SU(5) ⊗ Z 2 [8] . This is the minimal unification group if there are vector-like quarks and leptons at scales above TeV. This also provides an alternative GUT embedding of left-right symmetry like SO (10) . An interesting property of these models is that masses of light quarks and charged leptons arise via the seesaw mechanism with the vector-like quarks and leptons providing the heavy mass scale, as we discuss below [9] . The vector-like fermion is an essential part of this model, and it is one of the major new physics search goals of the LHC. In fact, if vector-like fermions are discovered in colliders, it will strongly point towards a grand unification based on the SU(5) ⊗ SU(5) group. The reason is that while other groups such as SU (5) or SO(10) can accommodate vector-like fermions once additional multiplets beyond the minimal setup are included, SU(5) ⊗ SU(5) ⊗ Z 2 unification is the minimal unification group that predicts their existence and no other fermions. There are also other motivations to consider product groups G ⊗ G based on the possibility of a hidden sector for dark matter and its unification [10] . We do not go this route in this paper. While such models have been discussed in literature [8] , no realistic non-SUSY grand unified model has been presented.
The main point of this paper is to address the issue of gauge coupling unification without SUSY in the minimal SU(5) ⊗ SU(5) model. We present one scenario where coupling unification is successfully achieved at the one-loop level. Other scenarios may be possible, but we focus only on one case which appears consistent with all low energy observations and discuss its predictions for proton lifetime. We find it interesting that while full coupling unification does occur at around 10 16 GeV, one of the SU(5) groups does unify at around 10 11 GeV. This does lead to proton decay via the exchange of gauge bosons with masses around 10 11 GeV. Even though such a low unification scale has the potential to lead to a very short proton lifetime, the original operator involves heavy vector-like fermions and the actual proton decay arises via the mixing of the heavy and light fermions. This together with matrix element suppression from QCD calculations leads to a prediction for proton lifetime at or above the current experimental lower limits from Super-Kamiokande [11] experiment. The most interesting of these is the prediction for p → e + π 0 which is near 6·10 34 yrs., and should be testable in the next round of experiments like Hyper-Kamiokande [12] . The simplest model also predicts a Dirac neutrino, in which case there are decay modes p → ν c e π + and p → ν c µ K + and the proton lifetime through these channels are also in the range of 3 · 10 34 yrs. We must caution that these estimates have uncertainties that we do not address here, such as those from two-loop effects or threshold corrections due to Higgs mass distributions around intermediate scales. These uncertainties are unlikely to shift the proton lifetime by more than an order of magnitude, which means that any improvement of the proton lifetime bound at upcoming experiments like Hyper-Kamiokande will severely constrain these models.
This paper is organized as follows: in Sec. 2, we present the basic elements of the model; Sec. 3 is devoted to the discussion of gauge coupling unification; Sec. 4 presents the implications of our model for proton lifetime; in Sec. 5, some comments and the summary of the results are provided. The appendix A is devoted to a study of the scalar potential and the scalar mass spectrum.
The SU(5) scalar multiplets are decomposed into SU(3) ⊗ SU(2) submultiplets as follows:
14)
Here, "T " and "D" denote SU(3) and SU(2) indices, respectively. In case of Φ and Σ, the subscript "8" is for an SU(3) octet, "3" for an SU(2) triplet, and "1" for a singlet. Similarly, in case of S, "3" is for the SU(3) triplet, and "1" for a singlet. The gauge transformation properties of scalar submultiplets are summarized in Table 1 . The scalar fields that acquire nonzero VEV's are
, and Σ B1 , and the mass spectrum of scalar submultiplets are given in Appendix A.
Yukawa Lagrangian
In this model, the Yukawa coupling terms responsible for giving masses to the fermions are
Here, Roman indices are for SU(5) A and Greek indices for SU(5) B , and C = iγ 2 γ 0 is the charge conjugation operator in the Dirac-Pauli representation of γ µ 's. We have suppressed the fermion generation indices. Now we introduce a Z 2 symmetry under which the fermionic and bosonic fields transform as
Invariance of the Lagrangian under this symmetry relates the Yukawa couplings of the model as follows:
where h Φ , h S , h S are Hermitian matrices in the generation space.
Fermion masses
After spontaneous symmetry breaking, the charged fermion mass matrices are given in the seesaw forms and this induces small mixing between light and heavy fermions, which we show here. This small mixing suppresses proton decay, as we will see in Sec. 4. To explain the direct heavy fermion masses in the seesaw matrix, we note that unlike the vector-like fermions D and E whose masses directly come from the Yukawa Lagrangian (2.18), the U quark mass arises from the effective Lagrangian term
generated by the tadpole diagrams
where i, j are generation indices and we have shown only one specific choice of SU (5) A ⊗ SU(5) B indices for simplicity. The scalar potential terms responsible for these diagrams can be found in Appendix A. After spontaneous symmetry breaking, the parameter λ U is given by 2.20) at the energy scale µ m S T T T T . Now the fermion mass terms after symmetry breaking are
Note that entries in different fermion mass matrices share common Yukawa couplings and VEV's. The general structure of quark and charged lepton mass matrices is
where g is Hermitian. When
we can approximately write the light and heavy fermion mass matrices M f , M F as
where U f and U F are some unitary matrices. Note that the light fermion mass matrix M f is given in the seesaw form: the large diagonal term gv C and the relatively small off-diagonal terms hv A , h † v B generate small light fermion masses.
Since the mass eigenstate of a light fermion is mainly composed of the light fermion in the generation basis when
where m and g denote mass and generation bases, respectively. Here, V f is the 3 × 3 mixing matrix between f m and F g , and it is written as
This mixing is indeed small when |h ij v A | |g mn v C |, which is a crucial factor that allows this model to be viable in spite of the constraints from proton lifetime, as we see later.
In fact, these mass and mixing matrices are only roughly correct for real masses, since the actual Yukawa coupling matrices typically have hierarchy in their entries, i.e. the condition |h ij v A | |h kl v B | |g mn v C | is not satisfied for all the entries of the matrices. For neutrino masses, we also introduce the effective Lagrangian term
induced by the Feynman diagrams
The components of neutrino mass matrix after spontaneous symmetry breaking are thus given by 2.27) at µ m Φ 5 5 . Note that neutrinos are Dirac-type in this model.
Gauge coupling unification
Let us now turn to the gauge coupling unification. For simplicity, we assume that any fields with masses larger than an energy scale µ completely decouple from the theory at and below µ. In addition, we only consider one-loop β-functions, in which case the finestructure constants at µ satisfy
Furthermore, we ignore any threshold corrections with the exception of H T B mass. In order to suppress the proton decay mediated by H T B , it turns out that the mass of H T B should be larger than the threshold M Σ , the unification scale of SU (5) B .
In general, the threshold corrections are implemented in a matching condition as follows: when a gauge group G breaks into several gauge groups G i 's, gauge couplings at µ satisfy the renormalization group equation [13] 
where
Here, V , F , and S denote heavy vector gauge bosons, fermions, and scalar fields contributions, respectively, to the internal loops of the field strength renormalization diagrams of external gauge bosons of G i . C G and C i are quadratic Casimir invariants of G and G i , respectively, and t iV , t iS , and t iF are generators of G i corresponding to heavy internal fields. P GB is the projection operator that projects out Goldstone bosons. In order to write the matching conditions at various symmetry breaking scales, we need to know the relationships among the group generators. For this purpose, we write λ a /2 (a = 1, · · · , 8) and σ b /2 (b = 1, 2, 3) as SU (3) and SU (2) generators, respectively, and V A/B /2 as the generators of U(1) A/B groups. Then, we have
where λ a s /2 are the generators of the strong force gauge group SU(3) s . Note that most generators are canonically normalized, e.g. tr(λ a λ b ) = 2δ ab . The exceptions are λ a s /2 and (B − L)/2, the generators of diagonal subgroups SU(3) A+B = SU (3) The matching conditions at each boundary of energy scales are then given by [14] α −1
where "T" in α 5BT of (3.10) represents the inclusion of threshold effects. The plot of gauge coupling unification is given in Fig. 1 . For simplicity, we have assumed M S = M Φ since the more general choice M S < M Φ turned out to be no better at all for any purposes. We have also used numerical matching conditions
5BT (M Σ ) = 3.056, which is the value used in calculations of proton decay rates in Sec. 4. The masses of heavy fermions and scalar submultiplets that lead to the unification of gauge couplings are given in Table 1 . The energy scales and VEV's as well as heavy fermions and scalar submultiplets associated with each energy scale are presented in Table 2 . The coefficients b of renormalization group equations are summarized in Table 3 . In order to make sure that any current lower bounds on vector-like quark masses are satisfied, we have introduced another energy scale M D ∼ 1 TeV where the masses of two D quarks, the lightest vectorlike quarks in this model, appear. With the values of VEV's and masses we have used for unification, the parameters associated with masses of U quarks or neutrinos turn out to have values |η HΦ | ∼ 10 17 GeV, |λ HΣΦ | ∼ 10 −1 , and |η HS | ∼ |η SH | ∼ 10 10 GeV. We have assumed λ U = v S (= v Φ ) for this estimation.
A few comments are in order on the results of our unification results and their implication:
1 In principle, these generators can be written as linear combinations such as λ Figure 1 . Gauge coupling unification.
• Clearly, the unification scale is around 10 18 GeV, which means that the proton decay rate contribution from the SU(5) A sector are much smaller than that of the SU(5) B sector whose unification scale is around 10 11 GeV.
• Since η HΦ is a dimensionful parameter, its value being close to the GUT scale is not unnatural.
• Within our unification scheme, there are two vector-like down quarks near the TeV scale (M D in Table 2 ). These should be accessible at the LHC.
• The RH gauge boson W R , whose mass is in the O(10 2 ) TeV range, is clearly beyond the reach of colliders.
Proton lifetime
In this section, we discuss various proton decay channels and calculate proton lifetime. Since the gauge couplings of SU (5) B are unified at M Σ which is much lower than M GUT as we have noted above, the proton decay processes mediated by the gauge bosons of SU (5) (1, 1, 0; 3, 1,
(1, 1, 0; 3, 2, this scalar multiplet in the gauge coupling evolution (see (3.10) ). We find that in any case this effect is very small. First, we identify the baryon number violating operators due to the gauge boson exchange. Note for this purpose that all the vector-like quarks have the same baryon numbers as the SM quarks, i.e. B = ±1/3. Similarly, the heavy vector-like leptons have the same lepton numbers as the SM leptons, i.e. L = ±1. Prior to spontaneous symmetry breaking, the basic operators that violate the baryon number are ijk U i u c j D k e + and ijk U i u Heavy fermion Scalar submultiplet Table 2 . Summary of energy scales, VEV's, heavy fermions, and scalar submultiplets. Table 3 . Coefficients of renormalization group equations in various energy scale intervals.
Energy scale interval Coefficients of renormalization group equations
In the absence of heavy-light fermion mixing, these operators cannot lead to proton decay. The heavy quark and lepton fields U, D, E, however, mix with the light quarks due to the quark and charged lepton seesaw as discussed above, and that in turn leads to proton decay operators involving SM fermion fields. On the other hand, the baryon number violating operators due to the H T B exchange have only light SM fermions, and they are directly responsible for proton decay. We present the Feynman diagrams of the SU(5) B gauge bosons or H T B exchange having only light SM external fermions in Sec. 4.2.
Mixing parameters ξ f
In order to explicitly calculate proton lifetime, we assume for simplicity that all the Yukawa coupling matrices are in diagonal forms and U f = U F = 1 in (2.24). In this case, the mass eigenstate of each light fermion f m is a linear combination of single f g and single F g , and we thus have f m ≈ f g + ξ f F g where ξ f is the small mixing parameter. Using (2.25), we may write ξ f ≈ −h f v A /(g f v C ) where h f and g f are the diagonal elements in the Yukawa coupling matrices h and g associated with the fermion f . Now we express the heavy-light fermion mixing parameters ξ f in terms of model parameters for a decay process that involves u, d quarks. The generalizations to any other quarks or charged leptons are straightforward. Using (2.24), we can write u, d quark masses as
The mixing parameters can therefore be expressed in terms of quark masses, VEV's, and Yukawa couplings as
Here, we have eliminated |h 11 H | and |h 11 H | to obtain the final expressions of mixing parameters. Since the Wilson coefficient C I for this decay process has the factor ξ u ξ d , it is apparent that the larger Yukawa couplings |h 11 Φ h 11 S | would produce the larger proton lifetime. However, we have to simultaneously consider all the dominant decay channels as well as all the masses of heavy fermions we have used for unification, and should find the values of Yukawa couplings that satisfy all the conditions and constraints. In addition, we have to make sure that these Yukawa coulings are consistent with the expressions of quark masses given in (4.1) because the light fermion masses and the VEV's we assume could require
In such cases, it is better to eliminate |h 11 Φ | and |h 11 S | from the mixing parameters, rather than |h 11 H | and |h 11 H | as above, and require large |h 11 H h 11 H |. The values of Yukawa couplings we have used are h 11
, and h 33 Φ = h 11 S = h 22 S = h 33 S = 1. We also assumed light fermion masses m u = m d = 10 −3 GeV, m s = 10 −2 GeV, m e = 10 −4 GeV, and m µ = 10 −2 GeV, which are smaller than the values at the weak scale. We chose these small values to reflect the general tendency of renormalization group running of masses that they decrease as the energy scale increases. We also have used λ U = v S (= v Φ ) as before. These masses and Yukawa couplings give h 11 H ∼ 10 −4 , h 22 H ∼ 10 −4 , and h 33
, and finally the values of mixing parameters ξ u ∼ 10 −8 , ξ d ∼ 10 −5 , ξ s ∼ 10 −5 , ξ e ∼ 10 −9 , and ξ µ ∼ 10 −8 .
Dominant proton decay channels and predictions on proton lifetime
When a nucleon N decays into a meson P and an anti-lepton¯ through an effective interaction induced by dimension-6 operators O I (I = ΓΓ and Γ, Γ = L, R), the decay rate is given by [15] Γ
Here, C I is the Wilson coefficient of O I , and W I 0 (N → P ) is the form factor defined by 4) and its value is found from lattice calculation. The proton lifetime is then given by τ p = /Γ(N →¯ P ). Now we present the dimension-6 operators, Wilson coefficients, and associated Feynman diagrams for dominant proton decay channels. We assume
Here, e + and e − are the LH and RH positrons, respectively.
where 's are Levi-Civita tensors for SU(3) s and SU (2) w indices of the fields in the operators, which we have suppressed for simplicity. The decay rate is given by
2C
(1)
Note that we need an additional multiplicative factor 2 for every coefficient C I corresponding to the operator by the SU(5) B gauge boson exchange, since σ µ αασβ β µ = 2δ α β δβα. 
The operators, coefficients, and decay rate are identical to those of p → e + π 0 , e − π 0 with π 0 replaced by η.
The proton lifetimes from these decay channels are given in Table 4 . In all the decay modes except for p → µ + K 0 , the H T B -mediated decay processes give the dominant contributions.
Comments and conclusion
We have presented a grand unification model based on the gauge group SU(5) ⊗ SU(5) ⊗ Z 2 which predicts three generations of heavy vector-like quarks and leptons. The masses of fields in this model are determined by the requirement of coupling unification and the constraint on proton decay. For instance, the scheme we have presented has two of the down vector-like quarks in the accessible range at the LHC. The proton decay rate appears to put a strong constraint on the unification scheme. After many trials, we succeeded in finding one scheme where the predicted proton lifetimes through various decay channels satisfy the current experimental lower bounds, and we have presented it in this paper. We find that the decay rate of p → e + π 0 in this model is in the accessible range of planned experiments. For simplicity, we have only chosen the option of having Dirac neutrinos in which case two more decay modes with ν c in the final states are possible to give proton lifetimes in the range of 10 34 yrs. Alternatively, one can always extend the model by adding multiplets (15, 1) ⊕ (1, 15) which give masses to Majorana neutrinos after spontaneous symmetry breaking. This, however, will affect coupling unification depending on where masses of these new Higgs fields are, and we do not pursue this here. In addition, we note again that our work assumes only one-loop contributions to the β-functions for coupling unification.
Hence, there will be some corrections to our predictions on mass scales and proton lifetime once two-loop effects are included. We do not discuss this here since our goal in this paper has been only to show that a phenomenologically viable unification without SUSY is possible at the leading order. It is also worth pointing out that quark seesaw models with parity provide a simple solution to the strong CP problem without the axion [16] . Our model has the potential to embed such a solution into the GUT framework, and this is currently under investigation.
Acknowledgement
This work is supported by the National Science Foundation grant No. PHY1620074.
A Scalar potential, vacuum expectation values, and scalar mass spectrum
In this appendix, we discuss the scalar sector of the model, and show how the VEV pattern arises. We also present the scalar mass spectrum.
A.1 Scalar potential
Since the VEV of S is assumed to be zero, it does not affect any masses or minimization conditions of the scalar potential. Its only role is to help achieve grand unification. We therefore neglect S in the following discussion for simplicity. The scalar potential is Note that all the coupling constants except for λ HΣΦ , λ ΦΣS , λ SΦΣ , and λ SΦΣ are real due to the Z 2 symmetry and Hermiticity of V .
A.2 Vacuum expectation values
The VEV's that satisfy the condition v Σ A v Σ B |v Φ | ∼ |v S | |v H B | |v H A | are approximately written as The minimization conditions of the scalar potential are 
